REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  NO.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments 
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AJBSTRACT:  Porous  materials  based  on  chromium(lll) 
terephthalate  metal  organic  frameworks  (MOF)  MIL-lOl(Cr) 
and  their  complexes  with  dialkylaminopyridines  (DAAP)  were 
synthesized  via  a  DAAP -MOF  complexation,  and  tested  for 
hydrolytic  degradation  of  organophosphorous  esters  such  as 
diethyl  4-nitrophenyl  phosphate  (paraoxon).  Elemental  anal¬ 
ysis,  TGA,  XRD,  FT-IR,  TEM,  SEM,  and  nitrogen  adsorption 
measurements  indicated  that  the  DAAP  units  were  incorpo¬ 
rated  into  MIL- 101  pores  by  complexation,  keeping  the  parent 
framework  intact.  The  DAAP -MOF  enabled  facile  paraoxon 
hydrolysis  in  water/acetonitrile  mixtures  under  ambient 
conditions  (100%  conversion  after  24  h  at  pH  10).  The 
MOF-DAAP  complexes  showed  synergistic  effects,  being  7-fold  and  47-fold  more  active  than  the  parent  MIL- 101  or  DAAP 
materials,  respectively.  The  high  hydrolysis  reaction  turnover  was  realized  by  simultaneous  action  of  the  Lewis  acid  Cr(lll)  center 
of  the  MOF  as  well  as  the  electron-rich  nucleophile,  DAAP.  This  study  demonstrates  a  simple  and  efficient  method  of  generating 
catalytically  active  MOF  materials  for  environmental  detoxification  as  well  as  defensive  applications. 

KEYWORDS:  metal— organic  framework,  aminopyridines,  catalysis,  organophosphorous  ester  hydrolysis,  paraoxon 


■  INTRODUCTION 

Metal— organic  frameworks  (MOFs)  are  porous  crystalline 
solids  constructed  from  metal  ions  or  clusters  interconnected 
by  bi-  or  multipodal  organic  ligands.1-5  The  high  surface  area, 
large  porosity,  and  modular  inorganic/organic  hybrid  structure 
of  the  MOF  materials  prompted  exploration  of  their  potential 
applications  in  the  areas  of  adsorption,  separation,  sensing, 
catalysis,  and  biomedicine.6-20  MOFs  possess  multiple  func¬ 
tional  sites  (metals  and/or  linkers)  that  can  be  rationally 
designed  or  tuned;  their  regular,  well-defined  pore  structures 
can  serve  as  nanoreactors  allowing  for  uninhibited  transport  of 
reactants  and  products,  thus  accelerating  the  reaction  rate.2'18 
Approaches  for  MOF  functionalization  have  concentrated  on 
modification  of  the  framework  itself  in  the  process  of  synthesis 
(through  either  the  metal  site21'22  or  the  organic  linker23'24  with 
a  catalytic  property),  encapsulation  of  active  species,25'26  or 
postsynthetic  modification.27'28  Our  ongoing  research  has 
focused  on  encapsulation  of  polyoxometalates  such  as 
phosphotungstic  acid  in  MOFs  for  the  purpose  of  imparting 
Lewis  acid  properties  to  the  resulting  composites.29'3 
Alternatively,  we  employed  covalent  modification  of  the 
primary  amino  groups  of  the  MOF  for  functionalization  with 
nucleophilic  4-methylaminopyridine  (4-MAP).31  The  resulting 
4-MAP-modified  MOF  exhibited  facile  catalysis  of  organo- 
phorous  (OP)  esters  in  aqueous  media.  Encouraged  by  these 


results,  in  the  present  work,  we  address  the  question  whether 
MOFs  modified  with  organic  ligands  with  nucleophilicity 
superior  to  that  of  4-MAP  would  catalyze  OP  degradation.  For 
modification,  we  chose  a  simple  complexation  between  the 
unsaturated  metal  sites  of  the  MOF  and  the  nucleophilic 
ligands,  dialkylaminopyridines  (DAAP). 

Our  choice  of  the  parent  MOF  was  MIL-lOl(Cr),  because  of 
its  rigid  zeotype  crystal  structure  with  extremely  high  surface 
area  (SBEX  «  4100  ±  200  m2g_1)  and  relatively  large  pores  (29 
and  34  A  with  microporous  windows  of  ca.  12  and  16  A, 
respectively)  that  allow  accessibility  of  reactants  to  active 
centers.29'32  Furthermore,  MIL- 101  is  relatively  stable  in  air, 
water,  and  most  organic  solvents  at  elevated  temperatures.32-34 
MIL- 101  contains  Cr(lll)  ions  that  can  include  coordinatively 
unsaturated  metal  sites  (CUS),  rendering  this  material  a  Lewis 
acid  and  allowing  postsynthetic  functionalization  via  chelating 
of  active  species.35'36  There  have  been  several  reports  on 
utilization  of  the  CUS  of  MIL- 101  in  the  catalysis  of 
cyanosilylation  of  aldehydes,37  allylic  oxidation  of  alkenes 
with  TBHP,38  sulfoxidation  of  thioethers  with  H202,39 
Knoevenagel  condensation  (CUS  modified  by  diamines),35 
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and  aldol  condensations.30'36  In  this  work,  we  prepared  a  series 
of  functionalized  MOF  materials  by  coordinatively  attaching 
different  supernucleophilic  dialkylaminopyridine  (DAAP) 
ligands  onto  the  CUS  of  MIL- 101.  The  resulting  complexes 
showed  remarkable  reactivities,  enabling  the  hydrolytic 
degradation  of  paraoxon  at  ambient  temperature.  Notably,  we 
found  that  the  presence  of  both  CUS  (Cr(lll))  and  the 
electron-rich  nucleophile  (DAAP)  is  required  for  the  OP 
hydrolysis  to  occur  at  high  yields. 

■  EXPERIMENTAL  SECTION 

Materials.  Terephthalic  acid  (TPA,  98%),  chromium  nitrate 
nonahydrate  (Cr(N03)2-9H20,  99%),  4-pyrrolidinopyridine  (PyrP, 
98%),  4-morpholinopyridine  (MorP,  97%),  0,0-diethyl  0-(4-nitro- 
phenyl)  phosphate  (paraoxon-ethyl,  98%),  4-morpholinepropanesul- 
fonic  acid  (MOPS,  >99.5%  titration)  4-(2-hydroxyethyl)piperazine-l- 
ethanesulfonic  acid  (HEPES,  >99.5%  titration),  2-(cyclohexylamino)- 
ethanesulfonic  acid  (CHES,  99%),  and  anhydrous  toluene  (99.8%) 
were  obtained  from  Sigma- Aldrich  Chemical  Co.  Tetramethylammo- 
nium  hydroxide  (TMAOH,  10%  in  water),  dimethylaminopyridine 
(DMAP,  99%)  and  N-(3-aminopropyl)-N-methylaniline  (APMA, 
>96.0%  by  GC)  were  obtained  from  VWR  International.  All  other 
reagents  and  solvents  were  of  highest  purity  available  and  were  used 
without  further  purification. 

Preparation  of  MOF  Catalysts. 

(a)  Synthesis  of  MIL-101.  Terephthalic  acid  (664  mg,  4  mmol)  was 
added  to  an  alkali  solution  (TMAOH,  20  mL,  0.05  mol/L)  and  stirred 
at  room  temperature  for  10  min,  following  which  Cr(N03)2-9H20 
(1.6  g,  4  mmol)  was  added,  and  the  mixture  was  stirred  for  another  20 
min.  The  resulting  mixture  was  transferred  into  a  50  mL  Teflon-lined 
autoclave,  and  kept  in  an  electric  oven  at  210  °C  for  24  h.  After 
cooling  to  ambient  temperature,  the  green  powder  was  collected  by 
repeated  centrifugation  and  washing  with  deionized  water.  The  solid 
was  resuspended  in  60  mL  of  DMF  and  sonicated  for  1  h  at  70  °C  to 
remove  any  terephthalic  acid  not  incorporated  into  the  MOF  material. 
The  mixture  was  centrifuged  and  washed  with  water,  ethanol  and 
acetone.  The  product  was  finally  dried  under  vacuum  at  room 
temperature  until  constant  weight. 

(b)  Functionalization  of  MIL- 101  with  DAAP  ligands.  In  a  typical 
procedure,  the  obtained  MIL- 101  was  first  dehydrated  or  activated  at 
150  °C  under  vacuum  for  24  h.  Then  the  activated  MIL-101  (0.3  g, 
~0.44  mmol)  was  suspended  in  25  mL  of  anhydrous  toluene.  To  the 
suspension,  1.76  mmol  of  either  DMAP  (A,  215  mg),  PyrP  (B,  261 
mg),  MorP  (C,  289  mg),  or  APMA  (D,  289  ^L)  was  added,  and  the 
mixture  was  stirred  under  reflux  for  12  h  under  argon  atmosphere.  The 
product  was  recovered  by  filtration  and  washed  with  ethanol  and 
acetone.  The  final  product  was  dried  overnight  under  vacuum  at 
ambient  temperature. 

Paraoxon  Hydrolysis.  A  stock  solution  of  50  mM  buffer  solution 
in  D20  (MOPS  for  pH  7.0,  HEPES  for  pH  8.0,  CHES  for  pH  9.0  and 
10.0)  and  a  solution  of  50  mM  paraoxon  in  acetonitrile  were 
prepared.40  An  appropriate  amount  of  catalyst  was  weighed  into  a 
small  reaction  vial.  At  time  t0,  900  /iL  of  the  buffer  solution  and  100  fiL 
of  the  paraoxon  solution  were  injected  into  the  vial.  The  resulting 
suspension  was  mixed  and  stirred  at  room  temperature.  At  a  certain 
reaction  time  t,  the  mixture  was  taken  out  of  the  vial  and  centrifuged  in 
a  micro  centrifuge  tube  at  13  000  gfor  IS  min.  The  upper  clear  solution 
was  taken  immediately  for  NMR  measurement.  The  kinetics  of 
paraoxon  esterolysis  with  or  in  the  absence  of  catalyst  was  followed  by 
31P  NMR.  The  reaction  conversions  (F)  at  different  time  intervals 
were  calculated  from  the  ratios  of  the  peak  integration  of  the  product 
(diethyl  phosphate,  0.70  ppm)  vs  the  sum  of  peak  integrations  of  the 
product  and  the  starting  material  (paraoxon,  6.62  ppm)  in  31P  NMR 

(eq  1), 

IP 

F  = - —  X  100% 

h  +  ^  (1) 


where  Is  and  Ip  are  the  integrations  of  the  signals  corresponding  to  the 
starting  material  and  the  product  at  given  time,  respectively.  The 
reaction  was  found  to  follow  pseudofirst-order  reaction  kinetics  (eq  2), 
and  the  observed  reaction  rate  constant  /cobs  was  obtained  from  the 
initial  slope  of  linear  plots  of  ln(l  —  F)  vs  t.  The  reaction  half-life  (f1/2) 
was  calculated  using  this  value  of  kohs  in  eq  3.  In  what  follows,  Ccat 


represents  catalyst  concentration. 
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Characterization  Methods.  NMR  data  were  recorded  at  room 
temperature  on  a  Bruker  Avance-400  spectrometer  equipped  with  a 
Magnex  Scientific  superconducting  magnet  and  a  5  mm  VT  X/H 
(BBO)  probe.  XH  and  31P  NMR  spectra  were  recorded  at  400.01  and 
161.98  MHz,  respectively,  and  the  chemical  shifts  (<5)  are  given  in 
ppm.  The  reaction  milieu  consisted  of  90%  D20  and  10%  acetonitrile. 
For  31P  NMR,  128  scans  were  collected  for  each  spectrum  using  85% 
phosphoric  acid  solution  in  D20  as  an  external  reference  (0  ppm). 

TEM  and  SEM  were  performed  on  a  JEOL  200-CX  transmission 
electron  microscope  and  a  JEOL  6700F  field-emission  gun  scanning 
electron  microscope,  respectively,  to  determine  the  MOF  particle  size 
and  morphology.  TEM  samples  were  prepared  by  placing  drops  of  the 
MOF  suspension  in  ethanol  on  carbon-coated  200  mesh  copper  grids 
and  imaged  at  an  accelerating  voltage  of  120  kV.  SEM  samples  were 
prepared  by  placing  drops  of  the  MOF  suspension  in  ethanol  on 
silicon  wafers  followed  by  solvent  evaporation,  and  the  images  were 
collected  under  an  acceleration  voltage  of  5  kV  and  working  distance 
of  5—6  mm  with  a  standard  secondary  electron  detector. 

Powder  X-ray  Diffraction  (XRD)  patterns  were  acquired  with  a 
PANalytical  Multipurpose  Diffractometer  equipped  with  an  X’Celer- 
ator  high-speed  detector  coupled  with  a  Ni  /Tfileter  and  using  the  Cu 
Ka  radiation.  Samples  were  packed  densely  in  a  0.5  mm  deep  well  on  a 
zero-background  holder.  Programmable  divergence  slits  were  used  to 
illuminate  a  constant  length  of  the  samples  (8  mm),  so  that  the 
constant  volume  assumption  was  preserved.  The  operating  power  of 
the  diffractometer  was  set  at  45  kV  and  40  mA,  and  the  diffraction  data 
were  collected  between  1  and  30°  (20)  with  a  total  scan  time  of  3  h. 

BET  surface  area  measurements  were  conducted  using  a  Micro- 
meritics  ASAP2020  apparatus  at  liquid  nitrogen  temperature  (77  K). 
Prior  to  each  adsorption  measurement,  the  sample  was  degassed  at  323 
K  under  vacuum  for  16  h.  The  specific  surface  areas  were  evaluated 
using  the  Brunauer— Emmett— Teller  (BET)  method  in  the  P/P0  range 
of  0.06—0.20.  Pore  size  distribution  curves  were  calculated  using  the 
Barrett— Joyner— Halenda  (BJH)  method  from  the  desorption  branch 
of  the  isotherms  and  pore  sizes  were  obtained  from  the  peak  positions 
of  the  distribution  curves.  The  pore  volume  was  taken  by  a  single  point 
method  at  P/P0  =  0.98. 

FTIR  spectra  were  recorded  with  KBr  pellets  containing  the 
samples  on  a  Nicolet  Magna  860  Fourier  transform  infrared 
spectrometer.  Thermogravimetric  analyses  were  carried  out  at  a 
ramp  rate  of  5  °C/min  under  a  nitrogen  flow  with  a  model  Q50 
thermogravimetric  analyzer  (TA  Instruments,  Inc.).  Elemental  analyses 
were  performed  by  a  commercial  laboratory  using  high  temperature 
combustion  (for  C/H/N)  and  inductively  coupled  plasma  optical 
emission  spectrometry  (ICP-OES,  for  metal  Cr)  methods. 

■  RESULTS 

Catalyst  Synthesis  and  Characterization.  In  the  present 
work,  at  variance  with  the  original  method  by  Ferey  and  his 
group,32  we  avoided  using  hydrofluoric  acid  in  the  hydro- 
thermal  synthesis  of  MIL- 101  MOF,  and  employed  an 
optimized  TMAOH/ Cr(N03)3/TPA/H20  (0.25/1/1/280) 
alkaline  medium.41  MOF  MIL- 101  can  be  formed  in  water  at 
pH  ^2. 6. 29,41,42  A  higher  concentration  of  terephthalate  anions 
(pH  >  pRa)  at  higher  pH  facilitates  the  process  of  Cr3+- 
terephthlatate  complexation  and  the  formation  of  Cr3+- 
terephthlatate  trimers  (nuclei).29  As  reported  by  Ferey  et 
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Figure  1.  Schematic  representation  of  (a)  the  unit  cell  of  MIL- 101  crystal  structure  with  the  boundaries  of  two  types  of  cages  (large  cage  shown  in 
pink,  and  small  cage  is  shown  as  a  blue  circle);  (b)  polyhedral  model  view  of  the  two  cages;  (c)  the  trimeric  building  block  sharing  an  oxygen  center 
and  chelated  by  six  carboxylates.  Chromium  octahedra,  oxygen,  and  carbon  atoms  are  in  green,  red,  and  blue,  respectively,  (d)  Evolution  of 
unsaturated  metal  sites  of  MIL- 101  after  vacuum  heating,  and  postmodification  of  dehydrated  MIL- 101  through  coordination  of  DAAP-type 
molecules  onto  its  chromium  unsaturated  sites.  The  unit  structure  depicted  corresponds  to  the  published  structure  of  chromium  terephthalate  MIL- 
10132  with  formula  Cr30H(H20)20[(02C— C6H4— (C02)]3,  wherein  fluoride  is  substituted  with  —OH,  as  we  utilized  HF-free  synthesis  of  the 
MOF.29  The  presense  of  three  ligands  (L)  per  unit  is  shown,  which  corresponds  to  the  structures  of  MIL-101-A,  MIL-101-B,  and  MIL-101-C  (Table 
l),  based  on  elemental  analyses.  Crystal  structures  depicted  were  built  utilizing  published  lattice  parameters29,32  and  applying  Crystal  Maker 
software. 


Table  1.  Compositional  Analysis  of  As-Prepared  MOF  Catalysts** 


sample 

N  (wt  %) 

Cr  (wt  %) 

L:Cr  molar  ratio 

L  loading  (mmol/ g) 

Cr(lll)  (mmol/ g) 

content  of  catalytic  units  per  g  of  solids  (mmol/g)^ 

MIL-101-A 

5.54 

11.0 

0.94 

2.0 

2.1 

0.96 

MIL-101-B 

5.07 

10.4 

0.91 

1.8 

2.0 

0.89 

MIL-101-C 

5.32 

10.8 

0.91 

1.9 

2.1 

0.85 

MIL-101-D 

5.81 

11.7 

0.61 

1.4 

2.3 

0.99 

aL  denotes  ligand.  ^Catalytic  units  include  chromium  terephthalate  unit  chelated  to  the  corresponding  ligand  depicted  in  Figure  1,  with  molecular 
weight  computed  using  elemental  analysis  results. 


al.,32  MIL- 101  can  be  described  by  a  molecular  formula  of 
[Cr3(0H)(H20)20[02CC6H4C02]3'nH20  (where  n  varies)] 
and  is  composed  of  a  3D  network  of  chromium  atoms 
connected  through  benzene  dicarboxylate  groups.  Two  types  of 
mesoporous  cages  (~29  and  34  A)  are  generated  in  the  MIL- 
101  crystal  structure,  and  they  are  accessible  through  five  or  six 
membered  ring  windows  (ca.  12  and  16  A)  (Figure  la,  b).  Both 
of  the  two  cages  are  built  on  a  //3-0  bridged  trimeric  Cr(lll) 
cluster  chelated  by  three  carboxylic  functions  (Figure  lc). 
Indeed,  each  Cr(lll)  center  has  one  remaining  coordination  site 
occupied  by  a  water  (or  OH)  molecule.  Removal  of  these 
terminal  0H/H20  groups  from  the  cluster  may  introduce 
numerous  CUS  in  the  structure,  which  can  either  act  as  Lewis 
acids  or  coordinate  with  functional  ligands  (Figure  Id). 

We  selected  four  DAAP  analogs  [4-dimethylaminopyridine 
(A),  4-pyrrolidinopyridine  (B),  4-morpholinopyridine  (C),  4- 


(3-aminopropyl)-methylaniline  (D)]  to  be  incorporated  into 
the  MIL- 101  framework  (Figure  Id).  Dimethylaminopyridine 
(DMAP)  and  its  analogs  or  congeners  have  been  reported  to  be 
highly  nucleophilic  catalysts  in  many  organic  reactions  such  as 
acylation,  transesterification,  esterolysis,  alkylation,  etc.45-48 
The  pyridine  group  has  been  frequently  used  in  organometallic 
catalysts  as  an  auxiliary  complexing  agent 48-50  By  combining 
the  CUS  and  DAAP  ligand  together  through  complexation,  we 
anticipated  that  the  new  MIL- 101 /DAAP  hybrids  would  be 
active  in  promoting  the  OP  esters  degradation.  Postmod¬ 
ification  of  MIL- 101  was  achieved  by  mixing  its  dehydrated 
form  with  a  ligand,  followed  by  refluxing  in  anhydrous  toluene 
for  24  h.35,36  The  pyridine  moieties  of  the  DAAP  compounds 
were  chelated  to  the  unsaturated  metal  sites  of  the  MIL- 101 
framework  through  the  Lewis  acid— base  complexation.  The 
aqua  ligands  of  MOF  can  be  replaced  by  other  nucleophilic 
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units  such  as  alcohol  or  pyridine/1'52  with  pyridine  strongly 
adsorbed  onto  the  CUS  formed  in  MIL- 101  with  high 
stabilization  energy.52 

The  as-synthesized  functional  MOF  materials  (MIL- 10 1-A, 
MIL-101-B,  MIL-101-C,  and  MIL-101-D)  were  characterized 
using  a  variety  of  different  techniques.  Elemental  analysis 
(Table  l)  shows  that  about  0.9  mol  amino alkylpyridine 
molecules  per  mol  of  Cr(lll)  were  incorporated  in  the  first 
three  MOF  materials.  The  loaded  amounts  exceed  those  for  the 
previously  reported  for  MIL- 101  frameworks  that  were 
modified  with  primary  amines  or^yridinyl  compounds  (0.3— 
0.6  molecule  per  Cr  atom)/5'3  thus  demonstrating  high 
efficiency  of  our  synthesis.  Ligand  D  was  loaded  into  the  MIL- 
101  structure  with  a  ligand-to-Cr(lIl)  molar  ratio  of  0.6:1.  This 
relatively  smaller  ratio,  compared  to  the  other  three  samples 
(Table  l)  may  have  resulted  from  multichelation  of  this  ligand 
to  the  unsaturated  Cr  centers  in  MIL- 101  via  both  of  its  two 
coordination  sites:  the  primary  amine  and  the  pyridine  groups. 
Both  of  the  groups  could  coordinate  to  the  Cr  atoms  that  are 
located  at  the  two  adjacent  elementary  units  in  the  MOF.  The 
loading  contents  of  ligands  A— C  in  the  MIL- 101  material  are 
calculated  to  be  around  1.8— 2.0  mmol/g,  higher  than  the  ligand 
D  (1.4  mmol/g)  in  MIL- 101.  The  chromium  contents  in  four 
different  MOF  catalysts  are  quite  similar  (2.0— 2.2  mmol/g). 

The  thermogravimetric  analysis  (TGA)  of  MIL- 101  and 
MIL-101-A  is  shown  in  Figure  2.  Two  weight-loss  steps  were 


Temperature  (°C) 


Figure  2.  TGA  profiles  of  MIL- 101  and  MIL- 101 -A  under  nitrogen 
atmosphere  at  a  heating  rate  of  5  °C/min. 


observed  in  the  TGA  profiles.  The  first  step,  in  the  range  of 
25—350  °C,  is  related  to  the  loss  of  the  guest  water  and  solvent 
molecules.  About  27%  and  23%  weight  losses  were  observed  for 
MIL- 101  and  MIL-101-A,  respectively.  The  4%  differences 
indicate  that  water  in  MIL-101-A  could  have  been  replaced  by 
the  DMAP  molecules.  The  decomposition  of  the  organic 
moieties  and  collapse  of  the  framework  were  observed  in  the 
range  of  350-570  °C.  Both  MIL-101  (ca.  44%  losses)  and 
MIL-101-A  (ca.  49%  losses)  gave  the  final  ~29%  residual 
weight  after  decomposition,  corresponding  to  the  residual 
Cr203  solids.  As  their  TGA  results  show,  the  MIL-101  materials 
are  stable  up  to  350  °C,  which  corresponds  well  with  the 
previously  reported  stability.29 

The  morphologies  of  MIL- 101  and  MIL-101-A  were 
visualized  by  SEM  and  TEM  (Figure  3).  The  TEM  image  of 
bare  MIL- 101  shows  that  it  is  composed  of  well-defined  small 
cuboctahedral-shaped  crystals,  reflecting  the  cubic  symmetry  of 
the  MIL- 101  crystal  (Figure  3a).29'32  The  SEM  images  of  the 
bare  MIL- 101  indicate  that  particles  synthesized  under  our 
specific  conditions  possess  regular  shapes  with  size  ranging 
from  200  to  400  nm  (Figure  3c).  Both  TEM  and  SEM  images 
of  MIL-101-A  reveal  similar  crystal  size  and  morphology  to  the 


bare  MIL- 101,  demonstrating  that  the  structural  integrity  of 
MIL- 101  was  well-preserved  after  chemical  modification  by 
DMAP  (Figure  3a,  d). 

X-ray  powder  diffraction  (XRPD)  measurements  were 
employed  to  identify  and  probe  the  crystal  structures  of 
modified  MIL- 101  materials  (Figure  4).  Both  the  peak  position 
and  relative  intensities  of  the  as-prepared  MIL- 101  are  in  a 
good  agreement  with  the  simulated  pattern  from  the  single 
crystal  data  reported  by  Ferey  et  al./2  which  confirms  the  high 
crystallinity  of  MIL- 101  resulting  from  our  synthesis.  No 
significant  diffraction  peaks  characteristic  of  TPA  species  were 
detected,  indicating  that  a  high-purity  MIL- 101  was  obtained.55 
The  XRD  patterns  of  functionalized  MIL-101  structures  show 
peak  patterns  almost  identical  to  those  of  as-synthesized,  parent 
MIL- 101.  This  demonstrates  that  the  framework  integrity  of 
MIL- 101  was  retained  after  both  thermal  water  removal  and 
chemical  modification  processes,  and  is  consistent  with  the  high 
stability  of  these  MOF  materials.  However,  the  relative 
intensities  of  diffraction  peaks  from  different  MIL- 101 
structures,  such  as  peaks  at  8.5  and  9.1°  corresponding  to  (0 
6  6)  and  (119)  planes,  respectively/3  show  slight  variations 
for  each  specific  complex.  These  variations  may  result  from 
incorporation  of  DAAP  molecules  in  the  MIL- 101  crystal 
structure,  and  changes  in  the  electronic  environment  around 
the  Cr  atom  due  to  its  coordination  with  pyridine.  We  did  not 
observe  any  significant  new  peaks  appearing  in  the  XRD  spectra 

of  modified  MIL- 101  structures,  which  is  consistent  with  other 
.  35,36 
reports. 

FTIR  spectra  were  collected  on  all  MIL- 101  samples,  and 
FTIR  spectra  of  MIL- 101,  DMAP,  and  MIL-101-A  are  shown 
in  Figure  5.  Peaks  characteristic  of  MIL- 101  and  DMAP  were 
observed  in  the  functionalized  MOF,  MIL-101-A.  The  strong 
bands  of  MIL-101  at  1625,  1510,  and  1410  cm-1  were  present 
in  MIL-101-A,  corresponding  to  the  C=C  and  O— C=0 
stretching  vibrations  of  the  benzene  dicarboxylate  organic 
skeleton.32  The  strong  band  centered  at  3440  cm-1  is  due  to 
the  presence  of  water  molecules  in  both  MIL- 101  and  MIL- 
10 1-A  solids.  The  aliphatic  C— H  stretching  vibrations  of 
DMAP,  in  the  range  from  2980  to  2800  cm-1,  were  also  found 
as  weak  bands  in  MIL- 10 1-A.  Peaks  centered  at  1602,  1537, 
1518,  and  1444  cm-1  in  DMAP  were  ascribed  to  its  ring 
skeleton  C=N  and  C=C  vibrations.  It  is  interesting  to  note 
that  the  former  three  peaks  shifted  to  higher  positions  to  1650, 
1563,  and  1549  cm-1  in  MIL- 10 1-A,  which  is  due  to 
coordination  of  the  pyridine  nitrogen  in  DMAP  or  other 
alkylaminopyridines  to  the  Cr(lll)  Lewis  acid  center  (compare 
with  S-4,  S-5,  S-6).52'53  Other  characteristic  bands  of  DMAP 
such  as  the  C— N  stretching  at  1224  cm-1  and  C— H  bending  at 
1070  and  808  cm-1  also  appeared  in  MIL-101-A. 

Nitrogen  adsorption— desorption  isotherms  of  the  activated 
MIL- 101  and  MOF  catalysts  are  shown  in  Figure  6.  BET  and 
Langmuir  fits  for  the  activated  MIL- 101  afforded  surface  areas 
of  3490  and  4986  m2/g,  respectively,  which  are  close  to 
reported  values.29'32'47  Using  a  single  point  adsorption  method, 
the  total  pore  volume  of  MIL-101  was  estimated  to  be  1.7  cm3/ 
g.  Compared  with  bare  MIL- 101,  the  functionalized  MOF 
exhibits  a  decrease  in  the  volume  of  N2  adsorbed  at  P/P0  > 
0.01.  The  BET  surface  area  and  total  pore  volume  of  MIL- 101- 
A/B/C/D  were  calculated  to  be  within  the  range  of  1430— 
1610  m2/g  and  0.7— 0.8  cm3/g,  respectively,  significantly  lower 
than  the  corresponding  values  for  activated  MIL- 101  due  to  the 
ligands  occupying  the  cavity  space  of  the  MOF.  Still,  the  surface 
areas  of  the  MOF  functionalized  by  DAAP  are  larger  than  those 
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Figure  3.  TEM  images  of  (A)  MIL-101  and  (B)  MIL-101-A  SEM  images  of  (C)  MIL-101  and  (D)  MIL-101-A 
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Figure  4.  Powder  XRD  patterns  of  as-synthesized  and  postmodified 
MIL-101:  MIL-101,  MIL-101-A,  MIL-101-B,  MIL-101-C,  MIL-101-D. 
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Figure  5.  FT-IR  spectra  of  MIL-101,  DMAP,  and  MIL-101-A.  Vertical 
lines  show  bands  at  3440,  1602,  1537,  1518,  1224,  1070,  and  808 


of  most  zeolites  or  silicas  (usually  <1000  m2/g)-18  The 
functionalized  MOF  materials  can  be  defined  as  microporous 
(pore  size  <2  nm)  as  their  pore  sizes  are  smaller  than  1.8  nm 
after  the  organic  ligand  complexation. 

Performance  of  Functionalized  MOFs.  The  performance 
of  MIL-101/DAAP  composites  was  assessed  using  the 
hydrolytic  degradation  of  paraoxon,  an  OP  compound  that 
serves  as  an  analog  of  other  organophosphorous  pesticides  as 
well  as  chemical  threat  agents.  The  reactions  were  carried  out 
using  5  mg  MIL- 101  material  per  mL  solution  in  a  water- 
acetonitrile  (9: 1 )  mixed  solvent  at  ambient  temperature. 
Acetonitrile  was  used  to  enable  sufficient  solubility  of  paraoxon 


in  the  reaction  medium.  As  shown  in  Scheme  1,  the  paraoxon 
decomposition  yields  diethyl  phosphate  and  p-nitrophenol  as 
hydrolytic  products.  The  reaction  conversions  at  different  time 
intervals  were  monitored  by  31P  NMR  (Figure  7)  by  measuring 
the  disappearance  of  the  starting  material,  paraoxon  (signal  at 
6.62  ppm)  and  appearance  of  the  product,  diethyl  phosphate 
(signal  at  0.70  ppm,  position  confirmed  with  the  diethyl 
phosphate  sample).  Varying  reaction  conditions  such  as  pH, 
catalyst  loadings,  and  the  structure  of  DAAP  compounds,  were 
investigated  to  achieve  the  optimal  settings  of  the  reaction 
system.  We  also  ran  a  control  set  of  experiments  with 
unmodified  MIL- 101  and  the  DAAP  ligands  alone. 
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Figure  6.  N2  adsorption— desorption  isotherms  of  activated  MIL- 101 
(black);  and  MOF  catalysts  MIL-101-A  (red);  MIL-101-B  (blue); 
MIL-101-C  (green),  MIL-101-D  (pink)  measured  at  77  K.  Open  and 
filled  circles  represent  adsorption  and  desorption  branches;  respec¬ 
tively. 


Scheme  1.  Catalytic  Hydrolysis  of  Paraoxon  with  New  MOF 
Composites 
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Figure  7.  Representative  31P  NMR  spectra  in  the  study  of  kinetics  of 
paraoxon  hydrolysis.  The  signals  of  starting  material  (paraoxon)  and 
product  (diethyl  phosphate)  appeared  at  —6.62  and  0.70  ppm, 
respectively.  Reaction  conditions:  paraoxon  5  mM,  catalyst  MIL- 101 -A 
5  mg/mL  solution;  solvent  D20:CAN  (9:l),  pH  10.0. 


Effect  of  pH.  The  effect  of  pH  on  the  degradation  of 
paraoxon  in  the  presence  of  MIL- 10 1-A  was  tested  over  the  pH 
range  from  7  to  10.  Control  experiments  without  the  addition 
of  any  material  were  also  carried  out.  The  spontaneous 
paraoxon  hydrolysis  showed  almost  no  conversion  under  all 
pHs  studied;  the  reaction  at  pH  10  gave  only  3%  conversion 
after  24  h.  In  the  presence  of  modified  MOF;  at  pH  7.0  the 
reaction  resulted  in  59%  conversion  after  24  h.  Increasing  the 
reaction  pH  to  8.0  or  9.0  afforded  higher  conversions  of  around 
86%  within  the  same  time  period.  pH  10.0  resulted  in 
conversion  of  92%  at  18  h  and  100%  conversion  at  24  h 
(Table  2).  The  reaction  kinetics  results  depicted  as  a  plot  of 
reaction  conversion  vs  time  are  shown  in  Figure  8(a).  The 
hydrolysis  in  the  presence  of  MIL- 10 1-A  was  much  faster  than 
the  spontaneous  reaction.  Moreover;  the  catalyzed  reaction  rate 
increased  in  the  following  order:  pH  7.0  <  pH  8.0  «  pH  9.0  < 
pH  10.0.  All  catalyzed  reactions  showed  good  linear  fits  to 
pseudofirst-order  initial  reaction  kinetics  (Figure  8b),  yielding 
the  observed  reaction  rate  constants  kohs  from  the  linear  slopes 
of  the  ln(l  —  F)  vs  t  plots.  These  parameters,  along  with  the 
reaction  half-life  tl/2  -  ln(2)/kobs,  are  collected  in  Table  2.  In 


Table  2.  Parameters  of  Paraoxon  Hydrolysis  in  the  Presence 
of  MIL-101-A  under  Varying  pH 


pH 

MOF 

conversion  at  24  h 

OF) 

Ccat 

(mM) 

Kbs 

(h-f) 

h/2 

(h) 

7.0 

none 

0 

0 

n/a 

n/a 

MIL- 10 1-A 

0.59 

4.8 

0.037 

18.9 

8.0 

none 

0 

0 

n/a 

n/a 

MIL- 10 1-A 

0.86 

4.8 

0.08 

8.6 

9.0 

none 

0 

0 

n/a 

n/a 

MIL- 10 1-A 

0.86 

4.8 

0.08 

8.5 

10.0 

none 

0.03a 

0.001 

693 

n/a 

MIL- 10 1-A 

1.0 

4.8 

0.14 

5.0 

"Calculated  from  single  point  linear  prediction;  that  is,  kohs  =  —  [ln(l  — 
F)]/t 


Figure  8.  Effects  of  pH  on  paraoxon  hydrolysis  catalyzed  by  MIL- 101- 
A.  (a)  Plots  of  reaction  conversion  vs  time.  Reaction  conditions: 
paraoxon  5  mM,  MIL- 10 1-A  loading,  5  mg/mL  solution,  solvent 
D20:ACN  (9:1),  buffer  system:  pH  7.0  (MOPS),  pH  8.0  (HEPES), 
pH  9.0  (CHES),  pH  10.0  (CHES).  (b)  Pseudo-first-order  fits  of  initial 
kinetics  at  different  pH  (log  scale). 


the  following  tests,  we  used  pH  10  to  monitor  the  effects  of  the 
material  loading  and  ligand  structure  on  the  reaction  rates. 

Effect  of  MOF  Loading.  The  effect  of  the  MOF  loading  on 
the  kinetics  of  paraoxon  hydrolysis  was  examined  at  pH  10  with 
MIL- 10 1-A  as  the  reaction  promoter  (Figure  9a).  It  appeared 
that  only  the  reactions  with  >5  mg  MIL- 10 1-A  loading  went  to 
completion  after  24  h.  More  importantly,  the  reaction  rate 
seems  to  increase  with  higher  MIL- 10 1-A  loading.  The 
observed  reaction  rate  constant,  kobs,  can  be  estimated  from 
the  initial  slope  of  the  pseudofirst-order  reaction  kinetics 
(Table  3).  When  plotting  kohs  vs  MIL-101/DAAP  loading,  we 
found  that  the  reaction  rate  was  linearly  proportional  to  the 
mass  of  the  MIL-101/DAAP  loading  x  ( R 2  =  0.994)  (Figure 
9b).  This  phenomenon  indicated  that  the  MIL-101/DAAP 
participated  in  the  reaction  rate-determining  step  (RDS),  and 
the  reaction  order  with  respect  to  the  MIL-101/DAAP  was 
determined  to  be  around  1,  which  is  the  same  as  that  relative  to 
the  substrate  paraoxon.  Therefore,  the  reaction  rate  can  be 
expressed  as  r  =  kohs  [paraoxon]  =  k'[MIL-101/DAAP]  X 
[paraoxon],  where  the  second-order  reaction  rate  constant  k! 
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Figure  9.  Effects  of  catalyst  loading  on  the  hydrolysis  of  paraoxon 
promoted  by  MIL- 101 -A.  (a)  Plots  of  reaction  conversion  vs  time. 
Reaction  conditions:  paraoxon  5  mM,  catalyst  MIL-101-A  x  mg/mL 
solution,  solvent  D20:ACN  (9:l),  buffer  pH  10.0  (CHES).  (b) 
Observed  reaction  rates  (kobs)  as  a  function  of  the  catalyst  loading.  The 
solid  line  is  the  linear  fit  of  curve  of  kohs  vs  X)  k'  is  obtained  as  the  slope 
of  this  line. 


Table  3.  Activities  of  Paraoxon  Hydrolysis  Promoted  by 
MIL- 101 -A  under  Varying  Loadings  (pH  10.0) 


catalyst  loading  (mg  mL  ') 

Fa 

fcobs  (h-1) 

h/2  (h) 

1.3 

0.43 

0.024 

29.4 

2.5 

0.71 

0.051 

13.7 

5.0 

1.0 

0.14 

5.0 

10.0 

1.0 

0.27 

2.6 

"Reaction  conversion  at  24  h. 


was  estimated  to  be  0.027  h-1  (mg/mL)-1  by  linear  regression 
of  the  fcobs  vs  catalyst  loading  data  in  Figure  9b. 

Effect  of  Ligand.  With  the  optimized  conditions  pH  10.0 
and  a  MIL-101/DAAP  loading  of  5.0  mg/mL,  we  investigated 
the  effect  of  different  ligands  integrated  in  MIL- 101  on  the 
kinetics  of  paraoxon  degradation.  As  shown  in  Figure  Id, 
compounds  B  and  C  were  used  as  analogues  of  DMAP 
(compound  A)  to  examine  the  effect  of  their  different  ring 
structures  on  the  acceleration  of  paraoxon  hydrolysis.  We  also 
utilized  compound  D,  which  has  both  a  primary  amine  and  a 
pyridine  group,  expecting  that  the  combination  of  two  groups 
may  lead  to  a  further  reaction  rate  enhancement.  Figure  10 
shows  the  results  of  a  series  of  tests  in  which  paraoxon 
hydrolysis  was  conducted  in  the  presence  of  four  different  MIL- 
101  composites  (5  mg  per  mL  of  suspension).  In  these 
experiments,  reactions  with  MIL-101-A  and  MIL-101-B 
appeared  to  have  comparable  rates  and  yielded  100% 
conversion  after  24  h.  The  reaction  in  the  presence  of  MIL- 
10 1-C  showed  a  slightly  lower  reaction  rate,  with  93% 
conversion  after  24  h,  whereas  the  reaction  with  MIL-101-D 
produced  the  slowest  reaction  rate.  The  catalyst  efficiency 
follows  the  order:  MIL-101-D  <  MIL- 10 1-C  <  MIL-101-A  < 
MIL-101-B.  This  is  in  accord  with  the  reported  nucleophilicity 
of  the  DAAP-type  catalysts  in  reactions  such  as  alcohol 
acylation  or  transesterification.59  The  nucleophilic  catalysis 
efficiency  by  these  types  of  compounds  is  closely  related  to  the 


Figure  10.  Paraoxon  hydrolysis  catalyzed  by  functionalized  MOF 
materials.  Reaction  conditions:  paraoxon,  5  mM;  catalyst,  5  mg/mL; 
solvent,  D20:ACN  (9:l),  pH  10.0  (CHES). 

stability  of  their  acyl  pyridinium  intermediates.  4-Pyrrolidino- 
pyridine  is  generally  the  most  efficient  catalyst  among  4-amino 
pyridine  derivatives,  as  its  amine  N  is  fixed  in  a  five-member 
ring  and  its  acyl  intermediate  is  highly  stabilized  by  the 
electronic  communication  between  the  lone  pair  electrons  of 
the  amine  and  the  cation.  In  our  case,  DMAP  was  found  to  be 
almost  comparable  to  PyrP  in  terms  of  its  activity  in  paraoxon 
hydrolysis.  MorP  is  a  little  less  effective,  as  the  O  in  the  six- 
member  ring  may  have  on  electron-withdrawing  effect  on  the 
amine  N,  thus  destabilizing  the  intermediate.  APMA  is  the  least 
efficient,  which  may  result  from  its  relatively  larger  size  in  the 
MOF  structure,  and  thus  less  freedom  to  participate  in  the 
reaction,  or  the  lower  nucleophilic  activity  of  the  ligand. 

Material  Efficiency  Analysis.  As  is  seen  in  Table  5,  we 
observed  that:  (i)  all  DAAP-modified  MIL- 101  composites 


Table  4.  Activities  of  Paraoxon  Hydrolysis  Catalyzed  by 
Different  MIL- 101  Composites 


catalyst 

Ccat  (mM) 

F  at  24  h 

fcobs  (h-1) 

h/2  (h) 

MIL-101-A 

4.8 

1.0 

0.14 

5.0 

MIL-101-B 

4.5 

1.0 

0.14 

5.0 

MIL-101-C 

4.3 

0.93 

0.11 

6.2 

MIL-101-D 

4.9 

0.79 

0.064 

10.8 

Table  5.  Catalysts  Performance  in  Paraoxon  Hydrolysis 


reaction 

catalyst 

Qat 

(mM) 

pa 

1  X  102fcobs 

(h-1) 

Fb 

1  X  102fco 

(h-1) 

A 

MIL-101-A 

4.8C 

0.86 

7.9e 

1.0 

14.2^ 

B 

MIL-101-B 

4.5C 

0.81 

6.9e 

1.0 

14./ 

C 

MIL-101-C 

4.3C 

0.66 

4.5e 

0.93 

ii  y 

D 

MIL-101-D 

4.9C 

0.57 

3.5e 

0.79 

6./ 

E 

no 

0 

0 

0 

0.03 

0.10e 

F 

MIL-101 

I0.4d 

0.04 

0.2e 

0.12 

0.5e 

G 

activated 

MIL-101 

I0.4d 

0.19 

0.9e 

0.40 

2.1e 

H 

ligand  A 

9.8C 

0 

0 

0.06 

0.3e 

I 

activated 

MIL-101 

4.7C 

0.60 

3.8e 

0.92 

10.5e 

+  ligand  A 

"Reaction  conversion  at  24  h  under  pH  9.0.  ^Reaction  conversion  at 
24  h  under  pH  10.0.  cConcentration  of  the  catalytic  unit  per  L  of  the 
suspension  (Table  l).  ^Concentration  of  Cr  in  MIL- 101  per  L  of  the 
suspension.  ekohs  values  were  calculated  from  single  point  linear 
prediction  of  first-order  reaction  kinetics,  that  is,  /cobs  =  —  [ln(l  —  F)]/t. 
^Values  were  derived  from  Table  4. 


accelerated  reaction  with  a  moderate  to  high  degree  of 
conversion  in  24  h  at  both  pH  9  and  10.  Among  them,  MIL- 
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101-B  showed  superior  activity  toward  paraoxon  hydrolysis,  (ii) 
The  spontaneous  reactions  were  extremely  slow  at  both  pH  9 
and  10  at  ambient  temperature  (0  and  3%  conversion, 
respectively,  reaction  E).  Even  at  pH  10  the  spontaneous 
reaction  rate  is  about  140-  fold  slower  than  the  rate  of  reaction 
catalyzed  by  MIL- 101-B.  (iii)  The  as-synthesized  MIL-101 
showed  a  low  catalytic  activity  toward  paraoxon  hydrolysis,  with 
only  4  and  12%  conversion  at  pH  9  and  10,  respectively,  within 
24  h  (reaction  F).  (iv)  The  “activated”  MIL- 101  (vacuum 
dehydration  of  as-synthesized  MIL- 101  at  150  °C  for  24  h) 
catalyzes  the  reaction  to  a  significant  degree  (19  and  40% 
conversion,  reaction  G).  The  activated  MIL- 101  is  4-fold  more 
effective  than  as-synthesized  MIL- 101  because  of  the  higher 
content  of  unsaturated  Lewis  acidic  Cr(lll)  centers  after 
vacuum  heating  treatment,  (v)  The  ligand  DMAP  itself  did  not 
accelerate  the  reaction  to  any  significant  degree  (0  and  6% 
conversion,  reaction  H),  which  is  counterintuitive  considering 
that  DMAP  is  a  supernucleophilic  catalyst  in  acylation 
reactions.  The  activated  MIL- 101  and  DMAP  complex  showed 
synergistic  acceleration  of  the  reaction  (60  and  92%  conversion, 
reaction  I).  The  reaction  rate  with  MIL-101-A  is  about  7-fold 
and  47-fold  higher  than  those  with  its  components  MIL- 101 
and  DMAP,  respectively,  and  140-fold  faster  than  the 
spontaneous  hydrolysis  at  pH  10.  The  synergistic  effect  of 
the  MIL- 101  and  DAAP  complexation  on  the  catalytic  activity 
of  the  studied  materials  was  corroborated  by  filtration 
experiments.  Namely,  the  MIL-101-A  or  MIL- 101-B  powder 
was  separated  from  the  reaction  medium  by  using  a  syringe- 
fitted  membrane  filter29  1  h  after  the  start  of  the  reaction.  The 
separated  supernatant  was  tested  for  its  ability  to  catalyze  the 
paraoxon  hydrolysis.  Less  than  10%  paraoxon  conversion  was 
observed  in  the  supernatant  after  24  h.  That  is,  because  DMAP 
and  its  analogues  alone  that  could  have  been  washed  off  the 
DAAP-MIL-101  complex  were  unable  to  accelerate  the 
paraoxon  hydrolysis  to  a  significant  degree,  filtering  our 
catalysts  from  the  reaction  medium  effectively  stopped  the 
hydrolysis  reaction. 

■  DISCUSSION 

The  discovered  acceleration  of  the  paraoxon  hydrolysis  in  the 
presence  of  the  MIL- 101 /DAAP  materials  is  catalytic,  with  the 
first-order  dependence  of  the  observed  reaction  rate  on  the 
initial  MIL- 101 /DAAP  loading  (i.e.,  effective  catalyst  concen¬ 
tration,  Figure.9).  Such  dependence  indicates  that  the  catalytic 
species  is  the  MIL- 101 /DAAP  complex,  rather  than  dissociated 
species.  Such  a  conclusion  is  further  supported  by  the  absence 
of  the  reaction  acceleration  by  the  DMAP  alone  and  by  the 
uncovered  synergism  of  the  activated  MOF  complexed  with 
alkyl aminopyri dine  versus  weak  catalytic  activity  of  the 
activated  MIL- 101  alone  (Table  5).  The  catalysts  described  in 
the  present  work  are  not  dissimilar  to  a  variety  of  or^ano- 
metallic  complexes  bearing  one  or  more  labile  ligands.57  For 
example,  bipyridine  complexes  of  Cu(ll)  are  potent  catalysts 
for  the  hydrolysis  of  phosphate  esters,  in  which  the  metal  ion 
acting  as  Lewis  acid  polarizes  the  P=0  double  bond,  thus 
facilitating  the  following  nucleophilic  attack  by  the  OH- 
nucleophile.58  Because  of  the  presence  of  accessible  metal 
centers  in  their  3D  crystals,  MOFs  can  behave  in  a  similar 
fashion,  either  through  the  chromium  unsaturated  sites,  or  Cr3+ 
ions  coordinated  to  the  organic  linkers.  MOFs  are  catalytically 
active  in  chemical  reactions  such  as  cyanosilylation  of 
aldehydes,  epoxidation  of  olefins,  etc.18  Our  experimental 


results  demonstrated  the  effect  of  Lewis  acidity  of  Cr(lll)  in 
MIL- 101  on  the  hydrolysis  of  the  OP  esters. 

The  synergistic  rate  enhancement  by  both  activated  MIL- 101 
and  DAAP  complexed  to  the  MOF  is  analogous  to  the  dual 
Lewis  acid— Lewis  base  activation  in  the  case  of  the  reaction  of 
cyanation  of  aldehydes  in  the  presence  of  chiral  Ti(lV) 
complexes,  activated  by  DMAP  as  a  cofactor.59,60  The 
hypothetical  catalytic  mechanism  can  be  depicted  as  in 
Figure.  11.  The  catalysis  is  initiated  by  the  coordination  of  the 


Figure  11.  Hypothetical  mechanism  of  the  catalytic  hydrolysis  of 
paraoxon  by  MIL-101/DAAP  complexes. 


Lewis  acidic  Cr(lll)  center  in  MIL-101-DMAP  complex  (i)  to 
the  oxygen  of  P=0  bond  in  paraoxon  to  form  a  new  complex. 
This  binding  leads  to  polarization  and  activation  of  the  P=0 
bond  and  facilitates  the  nucleophilic  attack  on  the  phosphorus 
atom  by  certain  nucleophiles.  Some  DMAP  ligands  might 
dissociate  from  the  Cr(lll)  center  and  attack  the  P  of  the  P-oxo 
unit  bound  to  and  electrophically  activated  by  another  Cr(lll) 
center.  DMAP,  which  serves  as  a  Lewis  base  in  the  complex,  is 
also  an  excellent  nucleophilic  catalyst  and  can  facilitate 
intramolecular  nucleophilic  attack  on  the  P=0  double  bond. 
The  leaving  p-nitrophenoxy  group  supplies  an  additional  good 
electrophile  to  the  reaction  zone.  The  resulting  structure  ii  is 
more  reactive  than  the  starting  material,  paraoxon,  because  of 
the  positive  charge  proximal  to  the  P=0  group.  Next, 
nucleophilic  addition— elimination  between  “OH  and  structure 
ii  generates  the  Lewis  acid-coordinated  diethyl  phosphoric  acid 
(iii),  which  dissociates  to  the  final  product,  diethyl  phosphate, 
observed  by  31P  NMR. 

Simultaneous  Lewis  acid  activation  of  an  electrophile  and 
Lewis  base  activation  of  a  nucleophile  analogous  to  the  one 
depicted  in  Figure.  11  has  been  introduced  and  developed  in  a 
number  of  organic  syntheses,  especially  in  stereochemical 
configuration  delivery.  1  In  our  case,  the  active  species  in  the 
reactions  is  the  Lewis  acid/Lewis  base  complex  Cr(lll)/DMAP, 
where  two  separate  catalysts  are  coordinatively  combined  in 
one  catalytic  system,  and  the  synergistic  activation  by  two 
reactive  centers  allows  for  significantly  higher  reaction  rate.  The 
Cr (ill) /DMAP  complex  system  has  also  been  reported  to  be 
an  efficient  catalyst  in  the  coupling  of  C02  with  epoxides  or 
aziridines,  where  a  (Salen)Cr (ill) /DMAP  complex  was  used  as 
a  homogeneous  catalyst.62-64 

The  efficiency  of  our  MOF-based  MIL- 101 /DAAP  catalysts 
in  paraoxon  hydrolysis  compares  favorably  with  established 
heterogeneous  catalytic  systems.  The  observed  rate  constant 
with  MIL- 101-B  is  about  10-fold  larger  than  that  with 
polymer65  or  nanoparticle66  matrices  with  embedded  or 
attached  metal-ion  complex  active  centers. 
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■  CONCLUSIONS 

We  discovered  that  the  MIL- 101  MOF  modified  with  DAAP 
ligands  is  capable  of  efficient  degradation  of  the  organo¬ 
phosphorous  ester  paraoxon,  a  biocide  widely  used  for  crop 
protection  and  a  structural  analog  of  chemical  warfare  agents. 
The  syntheses  of  MIL- 101 /DAAP  catalysts  are  straightforward 
and  only  require  two  steps,  including  activation  of  MIL- 101  and 
postfunctionalization  of  the  active  metal  centers  in  the  MOF 
with  DAAP  ligands.  The  complexation  of  MIL- 101  and  DAAP 
resulted  in  performance  superior  to  that  of  the  MOF  or  the 
ligand  acting  alone,  and  the  synergistic  action  of  the  two  species 
in  the  reaction  suggests  a  double  Lewis  acid-Lewis  base 
activation  mechanism.  This  work  introduces  a  promising 
approach  toward  creation  of  multifunctional  MOF  catalysts 
for  various  chemical  transformations.  Future  work  along  these 
lines  will  provide  MOF-based  materials  for  other  industrially 
important  reactive  sorption  or  catalysis  processes.  We  are  also 
studying  stability  of  the  catalysts  in  applications  when  their 
exposure  to  bulk  water  is  not  feasible. 
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